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Wireless communication today
Determinist approach of Exposure and EMF
The challenge of the variablility for EMF

Surrogate models in EMF exposure assessement
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Intensive use of wireless
\) communication systems

6 Large numbers of users ® versatile use
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Wireless Communication: Trends

Billions of Devices or Connections

® Data exchange increase 7 P
3 59% .32
m4
® Networks evolve
5 68%
Exabytes per Month " 8%
18 44%
15.9EB 3 s
29%
? 15%
10.8EB
; l’jl’/
9 3%
70EB 0
2013 2014 2015 2016 2017 2018
4 4EB
26EB Source: Cisco VNI Mobile, 2014
1.5EB -
, 1R

2013 2014 2015 2016 2017 2018
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Electromagnetic Fields (EMF) and Wireless

EMF Wave is composed of
Electric (E) and magnetic fields (H)

In free space

E/H=377Q champ
champ magnétique . ) .
électrique (E) The information is conveyed through
the energy of the electromagnetic wave
champ électrique
UMTS
GSM WIFI
Hz kHz MHz lGHZ I THz Lumiere
T Frequence 4 ' :

100 kHz - 300 GHz
«—Ondes Radio Micro-ondesy @ -
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ICNIRP limits

Large research effort conducted since 15 years — _
Basic restrictions Public| Workers
® World Health Organisation EMF project Whole body SAR | 0= | o4
. {Wikg) ) )
Worldwide research effort Local SAR (Wikg) ) 0
Head - Trunk
® Several EU and National projects and programs Cocal S;;nMIkg} p "
Limb:
® Protection limits exist -
® No evidence of sanitary effect below the legal limits (ICNIRP limits)
+ACGAZETTE DE BRuxpr1 5 But risk perception
A:’Jepcu“- S Articles Dosslers  Ligns Rbsern T ——
Mo-‘ - .|_ﬂ>Ar[|(|+5‘Mnbi"s&l‘fﬂnCO-“I#."EHJTEGH{(-:RF!(!m!mngm . EurO‘barmoter 2010 :
ggybﬂis;ﬂ:;;mmumm St ' e 70% say that mobile phone masts
"1"”*”“““*@20;3.gd,,,.wnI enne relais 4 £ e
Sobn 00 Mgl have some effects on health.

® 67 % think that mobile telephones
have some effects on their health.
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Compliance to limits and Risk Perception

. CENELEC
 Compliance is fundamental c € N

but not enough

today | e
* Assess, limit and monitor the
exposure is key

Common lab of Orange
Labs and Mines Telecom
vnu::mn I nStit ute.

" N\

\\  Laborstoire commun de Ifnstitut Teiécom et de Orange Labs

. DANGER
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- EMF Human Exposure:
Absorption

The absorption depends on
— Shape
— Tissues
— Frequency




Specific Absorption Rate ( SAR)

The SAR is linked to the electric field and to the
conductivity

P .
SARV __ T absmV Z/O
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Human body :
heterogeneous, dispersive and lossy tissues

Grey matter Liquor Gorchrespinalis Gonnective
(inside) >, A /tlssue

heterogeneous ™

Subcutis

Bones

The field propagation and energy
absorption in strongly influenced by
heterogeneous tissues

- 8kin

Thalamus

4
Hypothalomus —

vaophvsis—1
VentrchBL/'

(Rrain)

Grealer
blood
vessels

b

Hippm:arﬁpus e |
Pl

S
Cerebellurn

] = Turmur -~ e
Dispersive and Lossy - /
cord ;
Middle brain Tonsils Muscles
F= 900 MHz
Tissue dielectric properties
% : T o lissue Epslon Sigma i
80 bedupd i ... |— sSigmaBrainGM | DBlood #.3 1353 ool —f,‘:;‘"f;"dcmwr
i ; . | — Epsilon Ski o : &
" Epeilon Brain GM | Hnne_(.urlucal. 124 iJ.lj Al -
708 & P e L Bone_Marrow_Infilraied 112 nzz |
éal Bone Marrow Not Infilt 5.5 0.04
Cartilage 4240 078
50+ Cerebro_Spinal_Tluid ok.6 24
wl [ve Tissue(Sclera) 352 1.16 . it retor
Ful 54 0.05 ey et —
30 Grey Matler 327 0.94
Muscle 550 0.94 <=l
e Nerve(Spinal_churd) 33 0,57 L = ‘ |
sl Shin{Dry} 414 0.86 e~ P
g ; : b Skin{Wet} 46 .84
¢ ' a5 ' 4 Tongue 332 0.3
" % memtia: T 4 White. Matter 384 059
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Experimentally. Probe and protocols have N CENELEC
been developped and implemented in standards :
< [
, IEEE ="
«  Numerically: with HPC, GPU, simulations are _
larger and larger, faster and faster FDTD A

.
A : 3 H
ntenna
: 2

{ijk} {414k}
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Even if the total number
is limited and even if the

Duke HDRK Norman Japanese Korean Zubal WVH Chinese Ell Naomi Japanese Chinese mOdels have nOt been

TOTT] R —

Thelonious Korean Karla Bilie Roberta Dizzy  Eartha Louis

| Develop a new phantom requests months (acquisition,
~segmentation, validation)
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i) Numerical SAR assessment

voib = 9t *H)  Solve the Maxwell PDE over an orthogonal grid | |
ot
g * [ ici ' - : 1 1 e+
_~ (g, *E) = Explicit formulation does not require any matrix k)
roth = ot * innversion E =
Finite Difference e

ikl (+1ik
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‘) FDTD: Leap frog and Stability
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Why FDTD

= Pro
— Easy to use
— No matrix inversion
— Voxel models can be easily used

e Cons

— Stair case
— Time computation

= -
TELECOM
CETTErjorange.



Easy but not without constraints

i+1 j+1 k+1}
Hz

: H
] Hay AN
{i#142 ) k+1

s [,

X

{ig.k} {i+1 .k}

Computation Time

dt =~ 10125, N_step ~ 1,5 10
Speed MPI<40 M cell/s

= + boundary =15 GB System : 2 CPU intel XEON 12 core 2.4 GHz;
144 Go : 4 GPU Nvdia Tesla M2090

1 millimeter resolution = 120GB | Problem: 440x460x770 Voxels and
17030 time steps

— x 8 bytes=3 GB

Divide the resolution by 2

[ th by 8 and -
Rl puration: 2h37 with 280 Mcells/s
the time computation by 16 | _




Antenne patch

Position droite et en présence de la téte

nce de la téte

prése

Position tournée et en

En espace Libre

résence de la téte

L p

Position Gauche et en
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Head models, MRI based, have
been developped

Comparison between adult and
child head models have been
conducted .

®
&

DO

Max SAR 10g

mMean S&Rower 10g in Chidren
mMean SAR ow 10g in Adults

Relative SAR

i)

tel_com dipole 900 tel [EEE  tel_com dipaole

tel [EEE  tel com Dipale
B35 MHz 1800 MHz 1800 MHz 1900 MHz 2100 MHz 2100 MHz

SAR (wike}

Analysis of RF exposure in the head tissues of children and adults
J. Wiart, A Hadjem, M F Wong and I Bloch, Phys. Med. Biol. 53 {2008} 3681-3695

Works perfomed by N Varsier, A Hadjem E Cenil and J Wiart
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A FDTD domain

The exposure induced by the incident
field can be be performed using the
equivalent principle

With the E.P. only the incident field

at the surface is required to assess
the field inside the box.

The far field of base station antenna
can be approximated using a plane
wave that can used as incident field

Whole Body exposure from a far source

Absorbed power d|V|ded by the weight vs frequency

Whole body average SAR of aduit dels- Incident power d ity 1W/m?

VH
Norman
Korean Male
Japan Male
Japan Female

003 -

jm ____________________ / //’§

o | W4
44
0.005]- ::\: b,

%0 40 60 80 100 200 400 'soo 18002400
Frequency {(MHz)

>

A single simulation (1 phantom, 1 fre)=8 h
16 freq x 6 phantoms =» 768 hours... 32 days...

Large influence of the

morphology

Works perfomed E Conil,, N Varsier, A Hadjem and J Wiart =%




In this case The field radiated by a source can be expanded
- crude FDTD simulation over spherical waves (that are an orthogonal
unrealizable: too big FDTD base as the plane waves are)
domain.

- Plane wave approximation is o = oy
not valide E(T, 6’ (p) — § Qka (rl 9; (P)
k

Measurements can

= J

_ Pattern antenna
of the « femto »

FDTD domain

'gens Box

Works perfomed by P.
Kersaudy

Exposure induced by
the femto
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Human exposure induced by a mobile close
to the head

- The source is very close to the tissues.
So “Huygens box” cannot be used and
must be modelled

- The head models exist.

- The main problem is to locate the
phone close to the head

- The accuracy of the simulation
depends on the accuracy or the
representativeness of the source
models

Simulations « head only » request less
memory and less time computation
(less than 20 minutes)

But preparation time can be relatively
important

50 100 150 200 250

& Works perfomed by A.Ghamni, N
B Varsier, A Hadjem E Conil and J Wiart
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Today exposure is facing variability

Multiple network technologies

Versatile use of wireless communication

Versatile use of frequencies with
HETNET and SON

mm



Total absorbed power divided by the weight

Large Variability

= ,x10° . . . _ Variability of whole-body SAR - Deviation from mean WB SAR
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The first challenge has
been to get information

Variation within the
same age

Main Tissues of Adult Fhantoms

100% =3

0%

8% -

70% DoOhers
0% W hran
50% Wfat oy

nuscles

40% ::JDUI'IES
0% -

20% - s

0% |

0% =

& &

Variation with age

AR R
2-3ye 11-13ya Aduli

120

3 150 E: 00
Agelterths) iﬁ!m'



Source location and user posture

' d&ze and antenna location

Variation of the laterality use

Evolving technologies and versatile
use

~ )

A\ 4
Important for epi
studies.

mobiSense
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g Variable Posture: e.g Fetus posture

0,14
0,12

0.1

0,08

0,06

0,04

0,02

0' | S MNPY N VPN W N PR S 1
18 A7 1821 23 25 27 28 31 33 35 &7 39 41

More than 15000 observations performed at Maternité Port Posture occurrence vs weeks of pregnancy
Royal under the responsability of Docteur Gilles Grangé

mET



Most of the Dielectric properties
measurement have been performed
with mamalian animals

*» The dielectric properties are tissues and
frequency dependent

Standard deviation of the conductivity of
the skin of dry face can be 10%

* The dielectric properties of tissues

are age dependent
— A Peyman et al pmb 2009,

Dielectric properties uncertainties

a0 @
a

80 ® 250Kg

70 1 }' 4 10kg
f 60 1 I{H{
g 57 HE
5 40 1 ]

30 1

20 1

10 1 =

(] - -

1.E+07 1.E-08 1.E-09 1.E+10 LE-1

100

10 1
€
@
» 11
3
g o

0.01 1
0.001 T - -
1.E+07 1.E+08 1.E+02 1.E+10 1.E-11
Frequency (Hz)

Figure 4. The measured (a) permittivity and (b) conductivity of bone marrow 30% for 10 and
250 kg pigs. The error bars are the total combined uncenainty with k = 3 which represent the 99%
confidence interval.
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~ —. Variable SAR induced by the variable
\) gain of the couple mobile+user
—

- The pattern antenna (gain) of « mobile
+user » depends on the posture and location
of the phone

- The human exposure (SAR) depends on the
power radiated by the phone —

Phd works perfomed by A Krayni
Supervisors A Sibille, A Hadjem and J Wiart Wi
EEEE orange”




3 variables. Y,Z,Teta
LHS Planning experiment
80 simulations

plan horizontal XY
90 40

plan vertical XZ
90 40

density

5 0 Fil

180 3 power-valuas
1 —_—
« 2
570 T3 S 0s —— power_afetr_gauntile data
- =inverse gaussian
é; 0.4 kscagfisntinumsGam g ot oo [ ST T
0.3 . : . 8 ;
Phd WOI’kS perfomEd 095 Ld... |7 power_afetr_qauntile data || E 02 )
by A. Kl‘ayni a .| ; : Inversezgaussmn O | | | | l:
3 0 5 10 15 20
% 0.15} Power Emitted
O o1y
Phd works perfomed by A Krayni

0.05
Supervisors A Sibille, A Hadjem and J Wiartu
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Variable exposure induced by multiple
reflexions

5 incident waves

- Uniform incident angles
- Log normal amplitudes

- Uniform phase

9 me.n
kinc. 1

o T8 E mce.n
~,
~,
-,
\\-
kinc.n

WBSAR {(wikg/{vim}x1 o*

2,5 -

E mean

Bquanliles al 66%
B quantiles at 95%,
B single plane wave

number of simulations

Phd works perfomed by Th Kientega

Supervisors O Picon and J Wiart
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EMF exposure and Geostatistical tools

Public questions request exposure assessment

Simulation are facing limitations (e.g. dielectric
properties, geometrical characteristic of the
buildings, simulation time...)

»
Measurement are also facing limitations {e.g L% f
i
~

uncertainty of the assessment, fading, number
of measurements..)

Ordinary Kriging applied
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Phd works perfomed by Y Ould Isselmou
Supervisors : H Vandernackel, W tabbara and J Wiart
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Variability management: the constraints

FDTD calculations 5 I+1 j+1 k+1
— Whole body : few hours Z
— Head only : few tenth of minutes 7 E;%

« Simulation preparation . LT

— Model deformation and source positioning : from tenth of {,i.-f?'1.n"2(j,k+1
minutes to few hours d

{J .k} {i+1 .k}

* Human model
— Limited number.
— Model Development : from few month to few years

« Source models
— Model Development :few weeks to few months

= .
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Simplistic Approach
of the whole body exposure

- In the RF domain there is no
resonnance, then the whole body SAR

is is proportional to the surface cross

section )

- Human body can be approximated "
using Ellipsoid

e’ — Based on simulations performed vith VH

I P(W)-O?Z*S(mz)*DSP( )+5%

H
surface = T -2- cos(é?)2 ; sin (6)°

J [

/I
| .
SAR wh (w.rkyj

:I =

Representativeness?

; : i i i i
0 50 100 150 200 250 300 350
Azimuth (degrees)

Works perfomed by E Conil , A Hadjem MF Wong and J Wiart : —
=



++ SAR is a regular function

- - simulation cost does not allow large number of
sampling

large number of input

small number of human model

simulation preparation can be heavy
Simulations are very heavy and long to carry

INSTITUT
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FDTD calculations

o high cost
4 R N 4 A
s s Vector of output variables
Vector of input variables ra na E——L
aeR(M 4 e s
ﬁUser variables \ ’E“L'l-l-’_égate mode
» morphoclogy A . B
» posture W COS /" » Global variable whole ™
s Usage variables : body SAR
. M. sSurrogate moc_iel
» type of service * analytical model » Lacal variables
* Network variables A » polynomial chaos » 10g SAR
* load : * gaussian process e brain SAR
s type of cells * krieging LI
& s RAT _) . e .
Challenge: Characterise the input Challenge: surrogate model with .
orange”

the minimum cost mHLT



-~ —Morphology and exposure

Stature [em)

& 2

£ g 3

E:

-
&0 B 00 @0 140 160 180 @00
Masse (Kg)

3D models are missing

Some data are known by

how to deal

SARwb vs BSA/Weight

1.38E-02
1,18E-02 + ¥ . =
- X === Coréen
= 9,80E-03 1 " Japonais
SN IS | OO TN RO S SO % 7,80E-03 |- = —yH
e ==¢==Norman
™ 03 - ~—Japohaige
7| SERT ! | \ 5 80E-03 2]
: ik : . : ; 3,80E-03 - : :
T R {11111 e S-Sy 0,02 0.03 0,04 0,05
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_ Mean square regression Based on 12 body models
Ywasar) = OXpgq T €

Model Param. estime p-valeur 1.C 4 85% R#
y — ﬁx . + 8 t-test
WESAR:2 b 2 BSAMweight 0.25 101 [0.21.0.28] 0.78
yWBS AR 3 = }/xpw. s + 83 BMI- 0.15 101 [0.14,0.16] 0.87
weight 1" 0.027 10% [0.0235,0.03] 0.67
. Ywesar,i - YWhole body SAR WBSAR
* X, : Body Surface Area/Weight T 71 o T comen
. Xpmi - (BMI)‘1 o ..;.‘;\ ;:::;ﬂ:normale o
© Xpous : (Weighty 1 e ) =
. €4, €5, E5 . Models errors § 7 " e /,//
5k “ : ‘E 8] //o/
WBSAR model : Y=ﬁ.x 0 0.05 0.1 0I1Eégtau.2 0.25 0.3 0.35 daz 0.026 0.03 Es?q.:]:oﬁids 0.04 0.046 0.08
Where X = BMI- . y
Using morphing
Facts: B is positive, there law 95% quantile WBSAR (mW/Kg)
is an upper limit il -
= . Beta 9.8
Additional hypothesis: —— -
- The existing phantom have been built to represent Weibull 10.5
mean population Log-normal 9.9
<B> =0.15
- pmin=0 Phd works perfomed by A El Habachi

- symetry of p§ p max =0.3
ymetry of j Supervisors E Vasquez, G Fleury and J Wiart




Piecewise
deformation

Y=Y B (X)

. l - .;
helght} : \ Shoulders

" A
shoulders, [ _ =" |
. .‘I .f"__ ?"“.I_'Ch%k size
chestsize //) /|
| ] i tp—dap belt

lap belt |

Input

X( Q2 )

"

Y =M(X) Wi

SAR statistical distribution

E(Y?) <

Where ﬁk are the coefficients of the polynomial chaos expansion

lpk are the basis of of the polynomial chaos.
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LY are orthogonal
k

Modal description is often used in

IN

can be considered as “natura

electromagnetism and therefore the projection
in dosimetry.

= [Y(O)W, (x) f; (x)dx

B =

| H

In fact even with quadrature, the projection approach leads to have large number of

FDTD simulations.

pmr!.u:tx.tx:

( )pdfx (x)dx.

3D | 4D
[ o Nwesur| T Ordre 1 7 9
| o HNiveau 2
st Ordre 2 25 | a1
e . W - b 3
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Phd works perfomed by 1 Silly Carette

Supervisors V fouad Hanna, D Lautru MF Wong and 1 Wiart

Variability on the Propagation of a Plane Wave
Using Stochastic Collocation Methods in a Bio

Electromagnetic Application
Silly-Carette et al IEEE MWCL 2009
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*  Sparse Quadrature : « Clenshaw Curtis »
*  Smolyak tensorisation

* 4 input parameters: height, shoulders,
chest size, lap belt

*  Morphed human models

Simulations cost
~ 17 days with GPU, 4 months CPU

Comparaison de I'ordre 2 et |'ordre 3 » Ordre 3 » Ordre 4 30 e
300¢ Ordre 1 7 9
o - -=-WBSAR : ordre 3 300 600
sk 1) | —WBSAR: ordre 2 N " Ordre 2 25 41
g Ordre 3 69 137
200} . R . Ordre 4 177 401
0 5 10 15 [ § 10 15
e HESHR i) Ordre 5 441 1105
150}
Mean = 5.3 mW/kg
100} o )
95% quantile WBSAR = 7.9 mW/kg
| The projection approach is not suitable for dosimetric problems
I
0 A A A L 2 J 4
0 0002 0004 0006 0008 001 0012 Phd works perfomed by A El Habachi

WBSAR (Wikg) Supervisors E Vasquez, G Fleury and J Wiart “E
=1 oran



- same head
- same phone
- different phone position

d

SAR statistical distribution

0

D

Ax

Az

[0 -30°]

[-15°+15°]

[5-30
mm]

[-10
+10mm |

TELECOM

INSTITUT
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Coefficients assessment using
Regression

Since the projection approach is not suitable
for dosimetric problems we used regression

Considering a truncature

N
Y = E ﬁklpk (X) Regression can be used to
k=1

get the coefficients.

Vo
2 Vo(e) Wy(eM) ... wp(e")
=1 7| Vol€®) wi(®) ... ve(e?)
ye Wo(é(")) ‘m(-&(n)) wP(-E(n)) -

—
N
—

Leave one out to analyse the global accuracy of such model

B=(Z1Z)ZTy

If the model is not as expected then a new experiment has be added rALEEEH -
CETTo] jorange



Influence of the phone position
closed to the head

Latin hyper sampling

Uniform
PC + LOO - 122 FDTD simulations
0 ()] Ax Az
Maximum SAR over 10g in the head [0-30°7 | [-15°+15°7 | [5-30 [-10
mm| +10mm]
Lobe frontal I—C:P p]einl(p=3) -
Gl ===(CP creux (Régression itératre) [1
= CP creux (LAR adaptatif)

= Quantile 4 95%
I

Cecurrence
L

02 03 04 Dgﬁg&{a@n} 08 08 | Sensitivity analysis
; _ _ 0,12 -
Maximum SAR over 1g in the brain
250 0,1 T AX
Fhott [ Saalaivns cats-C
0,08 —
0,06
0,04 Ot
0 1 Ax)?
Phd wrks perfomed by A Ghanmi e I I || ( JL: -
Supervisors O Picon and J Wiart 0 Sl '
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> Exposure from reflection on wall

= 9inputs Deterministic approach
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Limit the computationnal effort

As shown in previous analysis all the
polynomial are not playing the same role.

acié # chanue polynime

How select relevant polynomials?
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- Next step : parsimonious iterative
\) experiment for quantile estimation
/- - T - - T

—clpplein‘{p:ﬁ ‘
Sr === CP creux (Régression irative) |
Most of the previous works were dedicated to built | P e AR i)
a surrogate model able to be used to characterise 3
the shape of the distribution o akihaii
8ol |
|
1k
But the exposure quantification often requests J :
quanhle estimation Uf? Df3 U.td Ujﬁl DTE 07 U:B EliE 1

DAS10g (Wikg)

With the PC and the LOO the uncertainty of the
surrogate model is mean square error

A challenge is therefore to built an
iterative planning experiment able to

monitor the uncertainty of specific
guantile
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SAR in the brain of the fetus

Sampling
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On going :
tCombination of Kriging with chaos polynomials

P. Kersaudy poster
Result with Ishigami function in Mascott Num 2014
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Application to
Fetus exposure induced by femtocell
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As Final Conclusion

Dans la confusion trouver la simplicité
De la discorde faire jaillir I'narmonie

Au milieu de la difficulté se trouve
l'opportunité

Albert Einstein,
Trois regles de travail




